Experimentally-induced warm renal ischemia induces cortical accumu-
lation of hyaluronan in the kidney. An accumulation of the connective tissue component, hyaluronan (HA), is known to occur in both syngeneic and allogeneic kidney grafts during the early postoperative period. The presence of HA in the interstitial tissue of the grafts is paralleled by an increased water content, suggesting a role for HA in the development of the transplantation edema. In the present work, the kidney content and distribution of HA was studied in a model of warm renal ischemia in the rat to investigate whether renal ischemia is associated with HA accumulation. Seventy-two hours after a period of warm renal ischemia (30 or 60 mm) significantly higher amounts of HA were observed in the left kidney that had been exposed to ischemia, than in the right, healthy kidney. The most pronounced increase was found to occur in the cortex (20 to 40 times), a structure where there normally is almost no presence of HA. In addition, there was a correlation between the relative water content of the kidney and the amount of HA possible to extract from the tissue. The renal accumulation of HA and water was prevented by daily intravenous administration of hyaluronidase. We conclude that renal ischemia induces an accumulation of HA that may increase the risk for the development of interstitial edema, a situation that may be circumvented by hyaluronidase treatment.
Hyaluronan (HA; hyaluronate or hyaluronic acid by older nomenclature) is an important constituent of the loose connective tissue and is synthetized by mesenchymal cells [1] . HA is a glycosaminoglycan with unique water-binding properties [1, 21. The interstitial transplantation edema has therefore been partly attributed to the conspicious accumulation of HA seen in the interstitial tissue of the cortex during renal allograft rejection [3] . Since the interstitial edema may influence the vascular resistance and the condition of the graft, the primary aim of this study was to elucidate if renal ischemia per se was associated with HA accumulation. We have therefore localized and quantified HA in the kidney of the rat after 30 and 60 minutes of warm ischemia. The results obtained show that ischemic injury induces a significant HA accumulation in the renal cortex with a parallel increase in the water content.
Methods Animals
Male Lewis rats weighing 200 to 300 g were used for the experiments. The animals were obtained from Møllegaard © 1996 by the International Society of Nephrology (Skensved, Denmark) and were allowed to settle for at least one week before operation, given free access to food and water. All operation procedures were performed under anesthesia induced by chioraihydrate, 160 mg/kg body wt, given intraperitoneally.
Renal ischemia
The left kidney was exposed and totally freed from surrounding tissues. The artery and the vein were then cross clamped together using a microvascular clamp. After 30 or 60 minutes the clamp was removed and the abdomen closed. Three days later both the left and the right kidneys were harvested and either intact kidney (N = 4 to 6 in each group) or cortex only (4; N = 8 in each group) treated further. An additional group of rats underwent a similar surgical procedure, with the exception of clamping of the renal vessels (N = 3).
As a separate experiment we investigated the impact of hyaluronidase treatment on HA and water content in the kidney after warm renal ischemia. Sixty minutes of renal ischemia was induced as described above, and two minutes before removal of the microvascular clamp 10,000 IE/kg body wt of hyaluronidase from sheep testes, type V (Sigma Chemical Co., St. Louis, MO, USA) was administered in the femoral vein (N = 5). Five thousand IE/kg body wt hyaluronidase was given after 24 and 48 hours and 10,000 IE/kg body wt after 70 hours. In parallel, 60 minutes of renal ischemia was induced in five more rats that were not treated with hyaluronidase. Seventy-two hours after clamping the left and the right kidney were harvested.
Quantitative assay of HA and determination of water content Immediately after harvesting, all specimens were put on filter paper and weighed three minutes later (wet wt). The specimens were lyophilized overnight and weighed again (dry wt). After grinding, the HA was extracted from the tissues for 16 hours with 0.5 M NaCI. Following centrifugation for 15 minutes at 2,000 g the HA-content of the supernatants was analyzed using a commercially available radiometric assay (Pharmacia Diagnostics, Uppsala, Sweden). The technique is based on the binding of HA to specific hyaluronic acid binding proteins (HABP; 5). Briefly, 100 p1 sample is incubated for 60 minutes at 4 to 7°C with 200 .d 12I-labeled HABP. One hundred microliters of HA-Sepharose is added and the incubation continued for 45 more minutes at the same temperature. Before centrifugation at 2,000 g for 10 minutes, 2 ml of washing solution were added. After decantation the radioactivity in the pellet was measured by a gamma counter. A standard curve was constructed from samples with known amounts of HA. Double analyses were performed on each sample, with a variability of less then 10%. The relative water content, expressed as percent water of the total weight of the tissue, was calculated as 100 X (wet wtdry wt)/wet wt.
Immunohistochemical analysis
To locate the distribution of HA, immunohistochemical stainings were performed. Kidney specimens for histopathological studies were taken three days after exposure to 30 or 60 minutes of warm ischemia. The organs were immediately fixed in buffered 4% formalin, pH 7.3, with 1% cetylpyridiniumchloride and stored at room temperature until embedded in paraffin and sectioned. For the detection of HA an avidin-enzyme, biotin-protein system was used mainly as described earlier [3] . In brief, the sections were incubated with bovine serum albumin (10 mg/ml, Fraction V;
Sigma Chemical) to block non-specific binding sites and, thereafter, in 3% H202 in phosphate-buffered saline to inhibit endogenous peroxidase. After incubation for two hours with HABP the sections were incubated with ABC Vectastain Reagent (Vector Laboratories, Burlingame, CA, USA) for one hour. Finally, H202 as substrate and 3-amino-9-ethyl-carbazole (AEC) as electron donor were added, whereafter the specimens were counterstained with Mayer's hematoxylin. Control sections were incubated for two hours with Streptomyces hyaluronidase.
Statistical analysis
Data are given as mean values and SEM. Comparison between groups was evaluated by Student's paired t-test and correlation between HA and water by linear regression. A P level of less than 0.05 was regarded as significant.
Results
The HA content of the right kidneys, not exposed to ischemia, was on average 56.6 3.4 and 64.2 12.2 jxg/g drywt after 30 and 60 minutes, respectively, of induced warm ischemia (P = NS; Fig.   1 ). The relative water content of the right kidneys at the two experimental settings was 78.0 0.7% and 77.3 0.4%, respectively. In the left kidney, which three days earlier had been Hyaluronan, sg/g dry wt ischemia. r = 0.88, P < 0.001. exposed to ischemia for 30 minutes, the water content had increased to 79.8 1.1% (P < 0.05 compared to the right kidney) and the HA content to 101. 8 11.1 agIg dry wt (P < 0.01 compared to the right kidney). A longer period of ischemia, that is, 60 minutes, caused a further increase of both the relative water content and the HA content to 83.3 0.6% (P < 0.001 compared to the right kidney) and 184.1 6.1 jxglg dry wt (P < 0.01 compared to the right kidney), respectively (Fig. 1) . The correlation between the relative water content and the amount of HA was significant (r = 0.88, P < 0.001; Fig. 2 ). Extraction of microdissected kidneys demonstrated that the relative increases of HA and water in ischemically damaged kidneys were most pronounced in the cortical tissue. In the non-ischemic kidney the cortical concentration of HA was 0.4 0.2 jxg/g dry wt and 1.2 0.3 xg/g dry wt after 30 and 60 minutes of ischemia, respectively ( Fig. 3) , whereas the relative water content was 71.9 0.8% and 74.0 0.5%. In the left kidney that had previously been exposed to ischemia for 30 minutes the cortical HA concentration was 17.8 3.4 pg/g dry wt (P < 0.01 compared to the right kidney) and 24.5 7.2 iLg!g dry wt after 60 minutes of ischemia (P < 0.05 compared to the right kidney). The relative water content of the cortex in kidneys exposed to 30 minutes of warm ischemia was 75.8 0.8% (P < 0.01 compared to the right kidney) and 77.7 0.6% after 60 minutes of ischemia (P < 0.001 compared to the right kidney). The HA concentration correlated to the water content of the renal cortex in the ischemic kidneys (r = 0.72, P < 0.01; Fig. 4 ). In similar experiments where the kidneys had been exposed to 60 minutes of warm ischemia but were already harvested two hours after reperfusion, no increased amounts of neither HA nor water were observed in the cortex (data not shown).
In sham-operated rats that had undergone laparatomy and had their left kidneys freed from surrounding tissues there were no differences in HA and water contents between the right and left kidneys: 63.4 29.6 xg/g dry wt HA and 77.8 1.7% water in the right kidney and 64.3 33.8 HA jxg/g dry wt and 77.3 1.4% water in the left kidney. The immunohistochemical distribution of HA in kidneys from normal, healthy animals demonstrated a positive staining in the papilla and in the adventitia of the vessels, but no HA staining in the glomeruli or the interstitial tissue of the cortex and the outer medulla. After 60 minutes of warm ischemia and three days after reperfusion a cellular edema was present with swollen glomeruli, exudation of the tubuli and dilatation of the vessels (Figs. 5 a and b). After ischemia, HA was not only present in the papilla but also in the interstitial tissue of the border between the cortex and the medulla (Figs. 6 a and b ). HA was also visualized around the dilated vessels.
Treatment with hyaluronidase was found to prevent the accumulation of HA and water but had no significant influence of the HA and water contents of the non-ischemic control kidney. In non-drug treated rats the increase of HA was on average 275 25% in the left kidney exposed to 60 minutes of ischemia compared with the non-ischemic right kidney (P < 0.001). Hyaluronidase treatment reduced the difference of the HA content between the ischemic and non-ischemic kidney to 4%. This significant effect of hyaluronidase treatment was accompanied by a reduction of the water content of the kidney. In the hyaluronidase treatment group the relative water content was 78.6 0.7% in the non-ischemic right kidney and 80.9 0.5% in the ischemic left kidney (NS); corresponding values in the non-treated group were 76.9 0.3% and 82.4 0.5% (P < 0.001).
Discussion
In the healthy rat kidney, HA is seen in the interstitium of the inner portion of the medulla and in particular in the papilla. After exposure of the kidney to ischemic injury a positive staining for HA also appears in the interstitial tissue of the outer medulla and cortex, structures which normally have no or a very faint staining for HA. These histological findings were supported by our specific demonstration of extractable amounts of HA in the normal and ischemically injured kidney. The 20-to 40-fold increase of the HA content of the cortex observed three days after induced ischemia indicates that hypoxia, like inflammatory mechanisms [3] [4] [5] [6] [7] [8] , induces an early onset of HA synthesis from interstitial cells. During Hyaluronan, tg/g dry wt inflammation it is reasonable to attribute the enhanced interstitial HA synthesis to certain mediators with fibroblast-activating properties like interleukin-1 and platelet and epidermal growth factors [9-i 1]. Low oxygen tension may induce the synthesis of cytokines [12, 13] , which therefore may be partly responsible for the cortical HA accumulation after ischemic injury. Fibroblasts in particular, but also other cell types react to anoxia by induction of oncogenes and induction and secretion of proteins [14, 151 . Thus, a fibroblast anoxic metabolic response may be responsible for an enhanced interstitial HA synthesis. The observation that the HA accumulation occurred primarily in the renal cortex after ischemia may reflect the varying sensitivity of different cell types to low oxygen tension.
HA has unique water-binding properties and exerts a strong osmotic force when accumulated in the interstitial tissue [1, 21. Thus, the normal extratubular accumulation of HA in the papilla may be of importance for the papillary function by serving as a retention lattice for the sodium gradient known to be present in this portion of the kidney [31. However, induced interstitial HA accumulation in other organ structures may have negative functional effects. Previous experimental studies of the myocardium, kidney and lung have shown that the substantial accumulation of HA seen in the interstitial tissue after inflammatory injury occurs in parallel with an increase of the water content [3, [6] [7] [8] .
Interstitial edema of myocardium or renal cortex may increase the extracellular pressure and thereby compress the microcirculation [3, 6, 16] , and interstitial alveolar edema impairs oxygen transport [171. Renal isehemia induced by vascular clamping is known to impair the function of the kidney, as seen by an increase in serum creatinine and a decrease in glomerular filtration rate [181. In this study we observed that the ischemic injury induced a parallel increase of the HA and water content of the cortical tissue. However, in comparison with rejection of renal grafts [3] , renal isehemia induces a much less pronounced HA accumulation of the cortex and also a considerably more modest interstitial edema.
Hyaluronidase specifically reduces the HA content of tissues and application of hyaluronidase decreases the interstitial volume of edematous tissues [19] . Hyaluronidase treatment is reported to volumes of edematous tissues [20, 21] . Recently it was also have a cardioprotective effect in clinical and experimental studies reported that the addition of hyaluronidase to the preservation on myocardial infarction probably by decreasing the interstitial solution reduces the formation of edema after preservation of rat cardiac grafts [22] . This observation, together with our findings that hyaluronidase prevents HA and water accumulation induced by ischemia, suggest that reduction of HA interstitial content as well as avoidance of HA accumulation by limited ischemic periods should improve the initial graft condition after transplantation.
The acute and chronic outcomes of cadaveric renal transplants are certainly dependent on several factors, but reduction of ischemia/ reperfusion injury have beneficial effects [23] . Since accumulated data suggest that excessive HA interstitial accumulation and associated edema may interfere with vascular resistance, we propose that the use of hyaluronidase should be considered for preservation of solid organs [22] and in the post-transplantation period.
